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Abstract: Male fertility, as manifest by the quantity and progressive motility of spermatozoa, is nega-
tively impacted by obesity, dyslipidaemia and metabolic disease. However, the relative distribution of
lipids in spermatozoa and the two compartments which supply lipids for spermatogenesis (seminal
fluid and blood serum) has not been studied. We hypothesised that altered availability of lipids in
blood serum and seminal fluid may affect the lipid composition and progressive motility of sperm.
60 men of age 35 years (median (range 20-45) and BMI 30.4 kg/m? (24-36.5) under preliminary
investigation for subfertility were recruited at an NHS clinic. Men provided samples of serum and
semen, subject to strict acceptance criteria, for analysis of spermatozoa count and motility. Blood
serum (n = 60), spermatozoa (n = 26) and seminal fluid (n = 60) were frozen for batch lipidomics
analysis. Spermatozoa and seminal fluid had comparable lipid composition but showed marked
differences with the serum lipidome. Spermatozoa demonstrated high abundance of ceramides,
very-long-chain fatty acids (C20-22), and certain phospholipids (sphingomyelins, plasmalogens,
phosphatidylethanolamines) with low abundance of phosphatidylcholines, cholesterol and triglyc-
erides. Men with spermatozoa of low progressive motility had evidence of fewer concentration
gradients for many lipid species between blood serum and spermatozoa compartments. Spermato-
zoa are abundant in multiple lipid species which are likely to contribute to key cellular functions.
Lipid metabolism shows reduced regulation between compartments in men with spermatozoa with
reduced progressive motility.

Keywords: male infertility; spermatozoa; progressive motility; lipidomics; metabolism; lipid
dysfunction; fertility

1. Introduction

Male factors are a leading cause of infertility in western countries [1-3]. In the last
decade, it has emerged that male infertility is associated with metabolic diseases such
as type 2 diabetes mellitus (T2DM) and obesity [4-8]. This has led to speculation that
perturbed lipid metabolism may be associated with reduced reproductive function in
men. This apparent sensitivity to lipid metabolism is consistent with the requirement
that spermatozoa (sperm) must swim a long distance relative to their size and still remain
able to fertilise an ovum when they reach it. This requires not only a strong and reliable
cellular structure but also the ability to transfer energy from chemical stores in the blood
and seminal fluid into continuous, controlled cellular movement in sperm.
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Recent work has confirmed that both triglycerides (TGs) and phospholipids are impor-
tant determinants of sperm composition [8,9] and follows the discovery that a considerable
proportion of the proteome of sperm is dedicated to lipid metabolism [10]. Around 24%
of the proteome in sperm from both humans [11] and horses [12] is devoted to lipid
metabolism. There is evidence that sperm also express enzymes that can metabolise very
long chain fatty acids (VLCFAs) [13], some of which may be in the tail [14]. Recent work
also suggests that increased dietary intake of polyunsaturated FAs improves sperm quality
in rats [15] and humans [16]. The involvement of the metabolism of TGs and FAs in sperm
motility is consistent with the suggestion that the calorific requirement for cell movement
to the ovum is far higher than can be supplied using carbohydrate stores alone [17]. This in
turn suggests that although fructose and even glucose supply energy to sperm, metabolism
of lipids may also be important. Furthermore, defective motility of sperm has recently been
associated with alterations to serum lipid composition including altered composition of
lipoproteins [7] and phospholipids overall [18], suggesting that lipid transport between
compartments might be important for optimal sperm function.

Altered phospholipid abundance suggests that the structure of the sperm cell mem-
brane may be crucial for optimal function, as shown in other situations [19,20]. Lipids have
a combination of signalling and structural roles in cells [21,22] and lipid classes may play
general roles in managing the structure of biological membranes [23-25]. The composition
of the plasma membrane of sperm is important for successful fertilisation and is modu-
lated after spermatogenesis [26]. There is evidence of exchange of phospholipids between
sperm and the surrounding fluid during epididymal transit [27], and for changes to lateral
inhomogeneity in the membrane during capacitation [26]. This suggests that the dynamic
changes in sperm membranes may play an important role in sperm motility and function.
However, detailed lipidomics of the sperm in health and subfertility states have yet to
be reported.

We hypothesised that altered availability of lipids in two other body compartments,
blood serum and seminal fluid, may affect the lipid composition and progressive motility
of sperm. We considered that blood serum represents the supply of materials to the testes
to produce the spermatozoa while the seminal plasma represents the materials available to
the sperm after ejaculation, which both have a role in maintaining sufficient spermatozoan
cellular function for motility. The aim of this study was to assess associations between lipid
composition and male subfertility using detailed lipidomic profiling on paired samples of
sperm, seminal fluid and blood from men seeking fertility investigations.

2. Results

Direct infusion mass spectrometry (DI-MS) with positive and negative ionisation
modes identified 142 variables in positive ionisation mode and 369 in negative ionisation
mode across all three lipid compartments and 50 fatty acids (sperm, seminal plasma and
serum; full list shown in Tables S1-S3). Baseline characteristics for the participants are
given in Table 1.

2.1. All Participants: Lipid Class Analysis between Three Compartments

Lipid distribution across the three compartments is shown in Figure 1. Sperm and semi-
nal fluid had the most comparable lipid composition, with lower abundance of triglycerides
(TGs), phosphatidylcholines (PCs), ether-linked PCs (PC-Os), cholesterol, and polyunsatu-
rated fatty acids (PUFAs) and higher abundance of sphingomyelins (SMs), plasmalogens
(PE-Os), lyso-phosphatidylethanolamines (LPEs), ceramides (CERs) and phosphatidylglyc-
erides (PGs) compared to blood serum. All three compartments had similar abundance of
saturated fatty acids (SFA), mono saturated fatty acids (MFA), lyso-phosphatidylcholines
(LPCs), phosphatidylethanolamines (PEs), essential fatty acids (EFAs), phosphatidylinosi-
tols (PIs) and phosphatidylserines (PSs).
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2.2. All Participants: Lipid Species Analysis between Three Compartments

Multiple individual lipid species showed significant differences between compart-
ments (Figures 1, 2, S1 and S2). Seminal fluid and sperm compartments were broadly
similar in lipid composition, and there were no species which were more abundant in
seminal fluid compared to sperm. Sperm had higher abundance of CERs, certain fatty acids,
PCs, PC-Os, PEs and SMs. Fatty acid composition in blood serum (higher abundance of
FA(16:2), FA(18:2) and FA(20:4)) was quite different to seminal fluid (FA(20:1), FA(20:3) and
FA(22:6)) and sperm ((FA(20:1), FA(20:2), FA(20:3), FA(22:1), FA(22:2), FA(22:3), FA(22:4),
FA(22:5) and FA(22:6)). Blood serum had higher abundance of triglycerides overall includ-
ing triglycerides from de novo lipogenesis (TG(46:1) and (48:1)) [28] and larger triglycerides
containing PUFAs of likely dietary origin (carbon C52-54 with multiple double bonds).
The triglycerides most abundant in seminal fluid were smaller (C44-48, 4 double bonds).
Although PCs appeared most abundant in blood overall (especially those containing C33-52
and 1-7 double bonds), seminal fluid and sperm showed higher abundance of some smaller
PCs (C30-42 with 0-7 double bonds). SMs were most abundant in seminal fluid and sperm,
which contained SMs with 0 or 1 double bonds, while more polyunsaturated SMs were
more abundant in blood (1-3 double bonds). PC-Os were also most abundant in blood,
but certain PC-Os showed increased abundance in sperm, (containing odd chains, C33, 35,
37, 39).

2.3. Motility: Lipidomics Analysis between Three Compartments

Men with spermatozoa with higher progressive motility on semen analysis had few
differences in lipid composition of sperm or seminal fluid compared to men with spermato-
zoa with higher motility. However, men in the higher motility group had more significant
differences between compartments compared to the low motility group (Figures 2 and 3).
The high motility group showed significant differences in CERs, FAs, PCs, PC-Os, PIs, SMs
and TGs between blood and sperm and between blood and seminal fluid. The high motility
group also had significant differences in CERs, FA(22:2), PE-Os and PE-Ps between seminal
fluid and sperm. Men in the lower motility group were more likely to have concomitant
reductions in semen volume or sperm count which may have contributed to lipidomic
differences (Table S4; Figures S3-55).
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Figure 1. Distribution of lipid classes as measured using direct infusion mass spectrometry. Each

sample was analysed with the mass spectrometer in positive ionisation mode for the measurement

of protonated and ammoniated lipid adducts (a), negative ionisation mode for deprotonated ions

and additionally with high collision energy to measure fatty acids (b). Lipid classes were as fol-
lows: ceramides (CERs), cholesterol (CHOL), essential fatty acids (EFAs), lyso-phosphatidylcholines
(LPCs), lyso-phosphatidylethanolamines (LPEs), mono-saturated fatty acids (MFA), phosphatidyl-
cholines (PCs), phosphatidylcholine-plasmalogens (PC-Os), phosphatidylethanolamines (PEs),

phosphatidylethanolamine-plasmalogens (PE-Os), phosphatidylglycerides (PGs), phosphatidyli-

nositols (PIs), phosphatidylserines (PSs), polyunsaturated fatty acids (PUFAs), saturated fatty acids

(SFA), sphingomyelins (SMs), and triglycerides (TGs). Significance testing shows comparisons with
blood serum only; * p < 0.05; ** p < 0.01, *** p < 0.001. Note the limit of significance was p < 0.001.
Values were not adjusted for lipid class ionisation efficiency.
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Figure 2. Significant differences in individual lipid species in comparing higher vs. lower motility in

each compartment (a—c) and between compartments (d—f) shown on volcano plots. Lipid metabolites
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were tested for significance (-log p) and fold change between low motility and high motility groups

within each compartment ((a—c); using unpaired ¢ tests) and between compartments ((d—f); using

paired t tests) in order to demonstrate differences.
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Text with white background: individual lipid species which were significantly different between
two compartments when comparing all samples in the study (ALL MEN). Text with pink background:
individual lipid species which were significantly different between two compartments when compar-
ing only samples with progressive motility above the median (HIGH MOTILITY GROUP ONLY). Text
with red background: individual lipid species which were significantly different between two com-
partments when comparing only samples with progressive motility below the median (LOW MOTIL-
ITY GROUP ONLY). Lipid were included as follows: ceramides (CERs), cholesterol (CHOL), choles-
terol esters (CEs), diglycerides (DG), fatty acids (FAs), lysophosphatidylcholines (LPCs), lysophos-
phatidylethanolamines (LPEs), phosphatidylcholines (PCs), phosphatidylcholine-plasmalogens
(PC-Os), phosphatidylethanolamines (PEs), phosphatidylethanolamine-plasmalogens (PE-Os), phos-
phatidylglycerides (PGs), phosphatidylinositols (PIs), phosphatidylserines (PSs), polyunsaturated
fatty acids (PUFAs), sphingomyelins (SMs), and triglycerides (TGs). Species were only included if
p < 0.001.

Table 1. Characteristics of participants included in this study. Men were categorised into groups
according to progressive motility (< or >median; 50% progressive motility). Data are presented as
median (range). NB: WHO reference criteria for progressive motility: 32-75%.

All Participants Motility Analysis
LOW MOTILITY  HIGH MOTILITY
n=26 n=12 n=14
Age, years 35 (20-45) 36.5 (24-45) 32.5 (20—40)
BMI, kg/m? 30.4 (24-36.5) 30.2 (24-36.5) 30.4 (26-33)
Abstinence, days 4 (2-9) 4 (3-8) 3(2-9)
Semen volume, mL 3.4 (1.8-8.3) 4.35 (2.8-8.3) 3.2(1.8-5.7)
Semen pH 8.5 (8-8.5) 8.5 (8-8.5) 8.5 (8-8.5)
Sperm
concentration million/mL 26.75 (2.6-209) 21.2 (2.6-209) 27.25 (7.5-196)
Total motility % 56 (28-73) 45 (28-56) 62.5 (54-73)
Progressive motility % 50 (24-68) 40 (24-49) 58 (50-68)
Non-progressive motility % 5 (1-13) 6 (2-9) 5 (1-13)
Immotile % 44 (27-72) 55 (44-72) 38 (27-46)
Total sperm number 91.825 (8.68-921.2)  89.9 (8.68-606.1)  93.325 (24-921.2)
millions/ejaculate
HbA1c mmol/mol 37 (28-49) 37.5 (28-49) 37 (32-42)
Random plasma 5.2 (4.4-8.2) 5.3 (4.4-8.2) 5.2 (4.7-6.5)

glucose mmol/L

3. Discussion

Men with spermatozoa with lower progressive motility had multiple differences in
lipid composition between compartments. Lipid composition of seminal fluid and sperm
were comparable, but there were many differences in lipid species abundance between
these compartments and blood serum, particularly affecting phospholipids, cholesterol
and TGs. These findings suggest that strict regulation of lipid metabolism and transport
between compartments may be important for optimal sperm structure and function.

3.1. Strengths and Weaknesses

This study is the first to assess differences in lipid abundance between three compart-
ments in men in association with subfertility. We used detailed lipidomic analysis using
direct infusion mass spectrometry (DIMS). Lipid metabolite identification is based on accu-
rate m/z and high resolution MS, and with sample preparation procedures, was calibrated
for lipidomics. We chose this technique as it drastically reduces scope for misidentification
of lipid metabolites. We used electrospray ionization (ESI) for ionization to provide a broad
molecular profile. ESI allows robust determination of phospholipid and triglyceride abun-
dance, but is less suitable for cholesterol and other sterols, where atmospheric chemical
ionisation (APCI) would be more suitable. However, due to the small sample volume, we
were unable to repeat the analysis using APCI or to confirm findings for less abundant
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phospholipid classes using nuclear magnetic resonance (NMR) spectroscopy. However,
3P NMR was used with DIMS as part of dual spectroscopy to identify a broad range of
organically soluble species, including phospholipids, triglycerides and cholesterol /yl esters.
We therefore chose to report the lipid classes which represent the bulk of those present and
which can be identified with certainty using DIMS with ESI ionization, which provides a
broad molecular profile. Other species, such as sulfoglycolipids or monosialodihexosyl
gangliosides [29], may also be presence but require internal standards and/or external
verification not possible with this broad-spectrum technique.

Paired blood and semen samples were obtained from men, with semen samples were
subject to strict acceptance criteria. Semen samples were subject to rapid clinical assess-
ment for motility, sperm number and semen volume using established clinical techniques.
However, sperm and other samples were frozen for batch lipidomics analysis. While
this reduced variation between plates for the measurement of lipid species, it may have
resulted in some changes in the sperm cells during the freeze-thaw process [30]. All semen
samples were treated in a consistent way, but inherent characteristics and lipid composition
can influence the degree of damage incurred during cryopreservation [31,32]. However,
lipidomic differences between sperm and blood were consistent with differences between
blood and seminal fluid, suggesting that results are not secondary to the cellular freeze—
thaw process. We took non-fasting blood samples which may have been influenced by
recent dietary intake. Blood sampling was taken shortly after semen sample collection
but composition may not reflect circumstances at the time of spermatogenesis, 3 months
previously. We used established clinical methods to identify subfertility, but in practice,
the optimal test of fertility is the ability to initiate pregnancy, which was not assessed in
this study.

Our study recruited men under investigation for couple infertility, and did not stip-
ulate BMI cut-offs for recruitment. However, our data indicates that most participants
were overweight or obese. While this raises questions about the influence of obesity and
overweight upon lipid metabolite abundance, we consider that our sample is likely to
be reflective of the population we studied and therefore supports the applicability of the
study findings to clinical populations of this nature. We also considered that glycaemia
might be an important contributor to lipid metabolism in spermatozoa. We measured
both a random glucose (reflecting glycaemia at the time of sample collection) and HbAlc
(reflecting longer-term glycaemia). However, the role of insulin insufficiency and insulin
resistance was not fully assessed, as we considered this beyond the scope of this study.
We consider that larger studies will be needed to assess the influence of BMI and insulin
resistance upon sperm motility and lipidomics with sufficient statistical power.

3.2. Relevance of Lipidomic Findings to Human Health

For optimal fertility, sperm require an intact and resilient cell membrane, effective cel-
lular propulsion, constant fuel supplies, sensitivity to extracellular signals and mechanisms
to facilitate binding to an ovum cell membrane. The nature and abundance of sperm lipid
composition influences these processes.

3.3. Effects of Lipid Composition on Sperm Cell Membrane

We identified that sperm were abundant in ceramides, sphingomyelins, PE-Os, LPEs,
and PGs. Ceramides are known to increase membrane rigidity [33,34]. Sphingomyelins
were the most abundant phospholipid in sperm, and their composition predominantly
included a sphingosine (one double bond) coupled to two saturated fatty acids. These
saturated fatty acids create a cylindrical phospholipid structure and increase membrane
rigidity [34]. Increasing membrane rigidity also results from lower abundance of PEs with
increased PE-containing plasmalogens (PE-Os) [35,36] and lower abundance of PUFAs
and polyunsaturated PCs with higher abundance of saturated PCs [37]. The majority of
lipid characteristics identified contribute to a rigid cell membrane, which is likely to be
beneficial for cellular propulsion and reduced susceptibility to external damage. Altered
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cholesterol composition as a means of modifying membrane characteristics is a key feature
in sperm maturation in the epididymis and in preparation for capacitation (reviewed
elsewhere [38,39]).

3.4. Effects of Lipid Composition on Cellular Adhesion

Lipid composition of sperm is also likely to be important in cellular fusion or adhesion,
required for fertilisation of the ovum. Sperm were highly abundant in LPEs and PE-Os
which have been implicated in cellular fusion or aggregation processes [40—42]. In particular,
these species contribute to curvature of the cell membrane, or the formation of hexagonal
crystalline structures, which can facilitate cell fusion [35,40]. In addition, plasmalogens are
likely to have other roles in determining fertility, as male knock-out mice with a deficiency
of plasmalogens demonstrated infertility due to complete arrest of spermatogenesis [43].

3.5. Effects of Lipid Composition on Cell Signalling

Lipids form an important part of both intracellular and extracellular signalling alone
and in association with other molecules. Ceramides participate in membrane diffusion of
small solutes, such as proteins [33] and may also contribute to lipid traffic across membranes
through their participation in lipid rafts [44]. Plasmalogens also interact with external
signals and are less prone to oxidative damage [45].

3.6. Effect of the Abundance of Lipid Species on Cell Fuel Supply and Reserves

Although glucose and fructose have been considered to provide the fuel for cellular
propulsion, recent work suggests that very long chain fatty acids (VLCFAs) are also used
by sperm for fuel. The current work supports this finding, as abundance of long chain FAs
(LCFAs) containing 20-22 carbon atoms was increased in sperm, especially polyunsaturated
forms, despite a reduction in total PUFA abundance compared to blood. The low abundance
of large PUFA-containing TGs in sperm and the finding that substantial amounts of the
proteome related to triglyceride metabolism suggests that the VLCFAs may be produced in
situ from TG catabolism [10,11].

3.7. Associations between Reduced Motility and Lipid Composition

Sperm with higher motility were associated with more differences between compart-
ments, which could be the cause or consequence of the improved cellular motility. The
higher motility group had more marked differences in the regulation of PCs, PC-Os, sph-
ingomyelins, TGs and LCFAs between blood and sperm. This suggests that the lower
motility group may have had less available fuel, and less favourable membrane properties
favouring fluidity, rather than rigidity. Although sperm cell membranes require some
flexibility, a rigid membrane around the tail may provide more effective propulsion ability.

3.8. Areas for Future Research

Although male fertility, as evident from sperm analysis, appears to be reducing glob-
ally in parallel to metabolic diseases, relatively little is known about how altered metabolic
physiology or pathological states might influence sperm structure and function. Previous
work suggests that dietary intake of PUFAs may influence sperm motility [16,46], however,
the interactions between dietary lipids, glucose homeostasis and the effects of obesity or
dyslipidaemia are unclear. The current results demonstrate multiple difference in species
abundance between compartments, suggesting active regulation of lipid flux between
compartments. While lipid composition is relevant to sperm membrane function, we
were unable to differentiate between the inner and outer sperm bilayer membrane, the
acrosome membrane and the nuclear membrane, which may have different phospholipid
requirements. In addition, very little is known about how lipid flux and traffic might be
coordinated and controlled to promote optimal fertility. Further work should address mech-
anisms of lipid transport between compartments, lipid use as fuel and lipid composition of
different regions of the sperm cell membrane.
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4. Materials and Methods
4.1. Participants

Men who had been referred for semen analysis were recruited into the prospective
Glucose in Fertility Testing (GIFT) study. A subset of participants had paired blood, seminal
fluid and sperm available for lipidomic analysis (Table 1). The study was approved by the
Research Ethics Committee (REC reference 18/WM /0074) and National Health Service
Health Research Authority and all participants provided written informed consent in
compliance with the Declaration of Helsinki principles. Participants were requested to
produce a semen sample at home to bring into the clinic at the time of their appointment in
line with standard procedures in the National Health Service (NHS).

4.2. Semen Collection and Analysis

World Health Organisation guidance was followed for all aspects of semen collection
and analysis [47]. Each participant produced a semen sample offsite prior to their clinic
appointment. The complete ejaculate needed to be collected by masturbation, without the
use of lubricant, into a non-cytotoxic specimen container. Semen samples were subject to
strict acceptance criteria in order for them to be accepted for analysis and had to arrive at
the laboratory within 30 min of collection. Each sample was allocated a unique seven-digit
barcode number on receipt, which was then used to identify anonymised paired semen
and blood samples during subsequent analysis.

Semen samples were analysed for semen volume, semen pH, sperm motility and con-
centration within 60 min of collection in accordance with the World Health Organisation
(WHO) guidelines (2021) [47]. Sperm motility was assessed at 37 °C by phase contrast
microscopy (x400) within 60 min of ejaculation. Sperm which arrived at the laboratory
over 60 min after ejaculation were discarded (n = 34). Results were reported as percentages
of progressive, non-progressive and immotile grades. Sperm concentration was assessed
by phase contrast microscopy (x400) using standard dilutions of semen samples (1:20,
1:5 and 1:2) in conjunction with an improved Neubauer haemocytometer. Evaluation of
sperm motility and sperm concentration was performed in duplicate, with a minimum of
200 spermatozoa counted in each assessment. A single trained operator performed this
assessment for all samples to ensure consistency. Samples were excluded if they contained
a significant number of inflammatory cells (>1 x 10° cells/mL). Samples were only consid-
ered suitable for inclusion if the minimum volume was greater than 1.5 mL to ensure that
sufficient sample would be collected for analysis. Once routine analysis was complete, the
remaining sample was separated into seminal fluid and spermatozoa by density gradient
centrifugation (1000x g for 15 min). The supernatant was transferred into a capped aliquot
tube and stored at —20 °C until required for lipidomics analysis. Spermatozoa pellets
were checked for excess seminal fluid, which was removed was removed if necessary by
further centrifugation. Spermatozoa samples were then cryopreserved to —80 °C for subse-
quent lipidomics analysis. Samples were categorised into groups according to progressive
motility (< or >median; 50% progressive motility).

4.3. Blood Sample Collection and Analysis

Venous blood was collected from the participants by venepuncture. Glucose was
collected into fluoride tubes and analysed using a glucose oxidase method on a Roche
analyser. HbAlc was analysed using the Tosoh high performance liquid chromatography
(HPLC) analyser. A serum sample was allowed to clot for 15 min, then centrifuged,
aliquotted and stored at —80 °C for batch lipidomics analysis.

4.4. Specimen Processing and Mass Spectrometry

Sperm and seminal plasma were thawed at room temperature and were mixed with
two volumes of GCTU (Guanidine chloride 6 M and thiourea 1.5 M) and agitated briefly
to assist homogenisation. Samples were processed within 5 min of removal from the
freezer to prevent sample degradation. Solvents were purchased from Sigma-Aldrich Ltd.
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(Gillingham, Dorset, UK) of at least HPLC grade and were not purified further. Lipid
standards were purchased from Avanti Polar lipids (Alabaster, AL; through Instruchemie,
Delfzijl, NL) and used without purification. Consumables were purchased from Sarstedt
AG & Co (Leicester, UK). Lipid, triglycerides and sterols were extracted together using a
high throughput technique developed recently [48,49]. Briefly, aliquots of serum (20 uL),
sperm (60 puL) and seminal plasma (60 L) were placed separately, along with blank and QC
samples in the wells of a glass-coated 2.4 mL/well 96w plate (Plate+™, Esslab, Hadleigh,
UK). Methanol (150 pL, HPLC grade, spiked with Internal Standards), was added to each
of the wells, followed by water (500 pL) and DMT (Dichloromethane, Methanol (3:1) and
triethylammonium chloride 500 mg/L) (500 pL). The mixture was agitated and centrifuged
(3.2 kx g, 2 min). A portion of the organic solution (20 uL) was transferred to a high
throughput plate (384w, glass-coated, Esslab Plate+™) before being dried (N (). The
dried films were re-dissolved (TBME, 30 uL./well) and diluted with a stock mixture of
alcohols and ammonium acetate (100 pL/well; propan-2-ol: methanol, 2:1; CH3COO.NH4
7-5 mM). The analytical plate was heat-sealed and analysed immediately afterwards.

Samples were infused into an Exactive Orbitrap (Thermo, Hemel Hampstead, UK),
using a Triversa Nanomate (Advion, Ithaca, NY, USA). Samples were ionised at 12 kV in
the positive ion mode. The Exactive started acquiring data 20 s after sample aspiration
began. After 72 s of acquisition in positive ionisation mode the Nanomate and the Exactive
switched over to negative ionisation mode, decreasing the voltage to —15 kV. The spray
was maintained for another 66 s, after which the NanoMate and Exactive switched over to
negative ionisation mode with collision-induced dissociation (CID, 70 eV) for a further 66 s.
After this time, the analysis was stopped and the tip discarded, before the analysis of the
next sample. The sample plate was maintained at 15 °C throughout the acquisition.

4.5. Data Processing

The lipid signals obtained were relative abundance (‘semi-quantitative’), with the
signal intensity of each lipid expressed relative to the total lipid signal intensity, for each
individual, per mille (%o). Raw high-resolution mass-spectrometry data were processed
using XCMS (www.bioconductor.org, accessed on 30 January 2022) and Peakpicker v 2.0
(an in-house R script, Cambridge UK; accessed 30 January 2022 [50]). Lists of known
species (by m/z), stored as CSV files, were used for annotations of both positive ion and
negative ion mode were used (~6 k species). Signals that deviated by more than 9 ppm,
had a value of zero, had a signal /noise ratio of <3 and those which appeared in fewer than
50% of samples were not included in the analysis. The correlation of signal intensity to
concentration of plasma in QCs (0.25, 0.5, 1.0x) was used to identify which lipid signals
were linearly proportional to abundance in the sample type and volume used (threshold for
acceptance was a correlation of >0.75). All statistical calculations were performed on these
finalised values. Where more than one assignment for a given m/z can be made (isobars),
the balance of probabilities for assignments were made based on literature references for
that m/z. For example, the balance of probability falls on the PC rather than the isobaric
PE in positive ionisation mode but rather than PS in negative ionisation mode. A list of
variables and assignments is in Supplementary Tables 51-S3.

4.6. Statistical Analysis

Uni- and bivariate analyses were carried out using Excel 2013. Multivariate anal-
yses were run using MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/; accessed on
30 January 2022) [51]. Principal component analysis (PCA) was used to identify mea-
surement/analytical outliers that were excluded before scientific analysis commenced.
Unpaired and paired t-tests with a Bonferroni-corrected false discovery rate based on de-
pendent variables (513 lipid /sterol variables, 70 fatty acid variables) were used to identify
difference sin lipid abundance. The modified Bonferroni method resulted in a limit of
statistical significance of p < 0.001. Data are presented as median (range) unless otherwise
stated. Missing data were not imputed.
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5. Conclusions

Sperm are abundant in both lipid classes and individual species which contribute to
membrane rigidity, cell adhesion, cell signalling and provision of fuel reserves, functions
which support cellular propulsion and fertilisation of the ovum and are essential for optimal
fertility. Lipid metabolism across three compartments shows reduced regulation in states
of low progressive motility.
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com/article/10.3390/ijms231911655/5s1.

Author Contributions: Study design and regulatory submission: C.L.M. Lipidomic analysis plan:
S.E, A.R. and C.L.M. Collection and preparation of samples: A.R. and C.G.-S. Acquisition of data:
S.E, AK., HE.LW. and C.G.-S. Analysis of data: S.F. and C.L.M. Interpretation of data: S.F.,, A.K.,
L.CK., C.L.M. and H.E.L.W. Preparation of manuscript: C.L.M. Revision of manuscript: S.F.,, A.R.,
AK,LCK,CLM., HELW. and C.G.-S. Acquisition of funding: A.K. and C.L.M. All authors have
read and agreed to the published version of the manuscript.

Funding: CLM is supported by the Diabetes UK Harry Keen Intermediate Clinical Fellowship
(DUK-HKEF 17/0005712) and the European Foundation for the Study of Diabetes—Novo Nordisk
Foundation Future Leaders” Award (NNF19SA058974). SF and AK acknowledge funding from
the BBSRC (BB/M027252/1). This research was supported by the NIHR Cambridge BRC, the
core biochemical assay laboratory (CBAL) and the core metabolomic and lipidomic laboratory
(CMAL). The views expressed are those of the author(s) and not necessarily those of the NIHR or the
Department of Health and Social Care.

Institutional Review Board Statement: The study was approved by the West Midlands Research Ethics
Committee (REC reference 18/WM/0074) and National Health Service Health Research Authority.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: For the purpose of open access, the author has applied a Creative
Commons Attribution (CC BY) licence to any Author Accepted Manuscript version arising from this
submission. Data are available from the authors upon request to the study steering group.

Acknowledgments: The authors would like to thank the men who participated in this study. We
are also very grateful to the laboratory biochemistry and andrology teams and the clinical fertility
service for supporting this study. This study was supported by research nurses and midwives from
the NIHR Clinical Research Network.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Harris, LD.; Fronczak, C.; Roth, L.; Meacham, R.B. Fertility and the aging male. Rev. Urol. 2011, 13, e184-e190. [PubMed]

2. Elbashir, S.; Magdi, Y.; Rashed, A.; Ibrahim, M.A; Edris, Y.; Abdelaziz, A.M. Relationship between sperm progressive motility
and DNA integrity in fertile and infertile men. Middle East Fertil. Soc. . 2018, 23, 195-198. [CrossRef]

3. Kumar, N.; Singh, A. Trends of male factor infertility, an important cause of infertility: A review of literature. J. Hum. Reprod. Sci.
2015, 8, 191-196. [CrossRef] [PubMed]

4. LaVignera, S.; Condorelli, R.; Vicari, E.; D’Agata, R.; Calogero, A.E. Diabetes Mellitus and Sperm Parameters. J. Androl. 2012, 33,
145-153. [CrossRef] [PubMed]

5. Condorelli, R.A.; La Vignera, S.; Mongioi, L.M.; Alamo, A.; Calogero, A.E. Diabetes Mellitus and Infertility: Different Pathophysi-
ological Effects in Type 1 and Type 2 on Sperm Function. Front. Endocrinol. 2018, 9, 268. [CrossRef] [PubMed]

6. Huang, H.-F; Ding, G.-L.; Liu, Y,; Liu, M.-E,; Pan, J.-X.; Guo, M.-X; Sheng, J.-Z. The effects of diabetes on male fertility and
epigenetic regulation during spermatogenesis. Asian J. Androl. 2015, 17, 948-953. [CrossRef]

7. Lu, J.-C.; Jing, J.; Yao, Q.; Fan, K.; Wang, G.-H.; Feng, R.-X,; Liang, Y.-J.; Chen, L.; Ge, Y.-F.; Yao, B. Relationship between Lipids
Levels of Serum and Seminal Plasma and Semen Parameters in 631 Chinese Subfertile Men. PLoS ONE 2016, 11, e0146304.
[CrossRef]

8. Schisterman, E.F,; Mumford, S.L.; Chen, Z.; Browne, R W.; Boyd Barr, D.; Kim, S.; Louis, G.M.B. Lipid concentrations and semen
quality: The LIFE study. Andrology 2014, 2, 408-415. [CrossRef]

9.  Alessandra, F; Mariangela, D.G.; Natalina, M.; Vincenzo, Z. Obesity and Male Infertility: Role of Fatty Acids in the Modulation of

Sperm Energetic Metabolism. Eur. |. Lipid Sci. Technol. 2018, 120, 1700451.


https://www.mdpi.com/article/10.3390/ijms231911655/s1
https://www.mdpi.com/article/10.3390/ijms231911655/s1
http://www.ncbi.nlm.nih.gov/pubmed/22232567
http://doi.org/10.1016/j.mefs.2017.12.002
http://doi.org/10.4103/0974-1208.170370
http://www.ncbi.nlm.nih.gov/pubmed/26752853
http://doi.org/10.2164/jandrol.111.013193
http://www.ncbi.nlm.nih.gov/pubmed/21474785
http://doi.org/10.3389/fendo.2018.00268
http://www.ncbi.nlm.nih.gov/pubmed/29887834
http://doi.org/10.4103/1008-682X.150844
http://doi.org/10.1371/journal.pone.0146304
http://doi.org/10.1111/j.2047-2927.2014.00198.x

Int. . Mol. Sci. 2022, 23, 11655 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.
24.
25.
26.
27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

Amaral, A.; Castillo, J.; Ramalho-Santos, ].; Oliva, R. The combined human sperm proteome: Cellular pathways and implications
for basic and clinical science. Hum. Reprod. Update 2013, 20, 40-62. [CrossRef]

Amaral, A,; Castillo, J.; Estanyol, ].M.; Ballesca, ].L.; Ramalho-Santos, J.; Oliva, R. Human Sperm Tail Proteome Suggests New
Endogenous Metabolic Pathways. Mol. Cell. Proteomics 2013, 12, 330-342. [CrossRef] [PubMed]

Swegen, A.; Curry, B.J.; Gibb, Z.; Lambourne, S.R.; Smith, N.D.; Aitken, R.J. Investigation of the stallion sperm proteome by mass
spectrometry. Reproduction 2015, 149, 235-244. [CrossRef] [PubMed]

Fraisl, P.; Tanaka, H.; Forss-Petter, S.; Lassmann, H.; Nishimune, Y.; Berger, ]. A novel mammalian bubblegum-related acyl-CoA
synthetase restricted to testes and possibly involved in spermatogenesis. Arch. Biochem. Biophys. 2006, 451, 23-33. [CrossRef]
[PubMed]

Hashemitabar, M.; Sabbagh, S.; Orazizadeh, M.; Ghadiri, A.; Bahmanzadeh, M. A proteomic analysis on human sperm tail:
Comparison between normozoospermia and asthenozoospermia. J. Assist. Reprod. Genet. 2015, 32, 853-863. [CrossRef] [PubMed]
Ferramosca, A.; Moscatelli, N.; Di Giacomo, M.; Zara, V. Dietary fatty acids influence sperm quality and function. Andrology 2017,
5,423-430. [CrossRef]

Safarinejad, M.R. Effect of omega-3 polyunsaturated fatty acid supplementation on semen profile and enzymatic anti-oxidant
capacity of seminal plasma in infertile men with idiopathic oligoasthenoteratospermia: A double-blind, placebo-controlled,
randomised study. Andrologia 2011, 43, 38—47. [CrossRef]

Cosson, J. Book Chapter. ATP: The sperm movement energizer. In Adenosine Triphosphate: Chemical Propoerties, Biosynthesis and
Functions in Cells; Kuester, E., Traugott, G., Eds.; Nova Science Pub Inc.: New York, NY, USA, 2013; p. 46.

Sugkraroek, P.; Kates, M.; Leader, A.; Tanphaichitr, N. Levels of cholesterol and phospholipids in freshly ejaculated sperm and
Percoll-gradient-pelletted sperm from fertile and unexplained infertile men. Fertil. Steril. 1991, 55, 820-827. [CrossRef]
Koynova, R.; Caffrey, M. Phases and phase transitions of the hydrated phosphatidylethanolamines. Chem. Phys. Lipids 1994,
69, 1-34. [CrossRef]

Koynova, R.; Caffrey, M. Phases and phase transitions of the phosphatidylcholines. Biochim. Biophys. Acta 1998, 1376, 91-145.
[CrossRef]

Furse, S. The physical influence of inositides-a disproportionate effect? J. Chem. Biol. 2015, 8, 1-3. [CrossRef]

Furse, S.; de Kroon, A.ILPM. Phosphatidylcholine’s functions beyond that of a membrane brick. Mol. Membr. Biol. 2015, 32,
117-119. [CrossRef] [PubMed]

Furse, S. Is phosphatidylglycerol essential for terrestrial life? J. Chem. Biol. 2017, 10, 1-9. [CrossRef] [PubMed]

Furse, S.; Shearman, G.C. Do lipids shape the eukaryotic cell cycle? Biochim. Biophys. Acta 2018, 1863, 9-19. [CrossRef] [PubMed]
Dawaliby, R.; Trubbia, C.; Delporte, C.; Noyon, C.; Ruysschaert, ].-M.; Van Antwerpen, P.; Govaerts, C. Phosphatidylethanolamine
Is a Key Regulator of Membrane Fluidity in Eukaryotic Cells. J. Biol. Chem. 2016, 291, 3658-3667. [CrossRef]

Kawano, N.; Yoshida, K.; Miyado, K.; Yoshida, M. Lipid Rafts: Keys to Sperm Maturation, Fertilization, and Early Embryogenesis.
J. Lipids 2011, 2011, 10. [CrossRef]

Frenette, G.; Girouard, J.; Sullivan, R. Comparison Between Epididymosomes Collected in the Intraluminal Compartment of the
Bovine Caput and Cauda Epididymidis1. Biol. Reprod. 2006, 75, 885-890. [CrossRef] [PubMed]

Sanders, FW.B.; Acharjee, A.; Walker, C.; Marney, L.; Roberts, L.D.; Imamura, F; Jenkins, B.; Case, J.; Ray, S.; Virtue, S.; et al.
Hepatic steatosis risk is partly driven by increased de novo lipogenesis following carbohydrate consumption. Genome Biol. 2018,
19, 79. [CrossRef]

Chen, S.; Wang, M.; Li, L.; Wang, J.; Ma, X.; Zhang, H.; Cai, Y.; Kang, B.; Huang, J.; Li, B. High-coverage targeted lipidomics
revealed dramatic lipid compositional changes in asthenozoospermic spermatozoa and inverse correlation of ganglioside GM3
with sperm motility. Reprod. Biol. Endocrinol. 2021, 19, 105. [CrossRef]

Parks, J.E.; Graham, ].K. Effects of cryopreservation procedures on sperm membranes. Theriogenology 1992, 38, 209-222. [CrossRef]
Evans, H.C.; Dinh, T.T.N.; Hardcastle, M.L.; Gilmore, A.A.; Ugur, M.R.; Hitit, M.; Jousan, ED.; Nicodemus, M.C.; Memiili, E.
Advancing Semen Evaluation Using Lipidomics. Front. Vet. Sci. 2021, 8, 601794. [CrossRef]

Martinez-Soto, J.C.; Landeras, ].; Gadea, J. Spermatozoa and seminal plasma fatty acids as predictors of cryopreservation success.
Andrology 2013, 1, 365-375. [CrossRef] [PubMed]

Alonso, A.; Gofii, EM. The Physical Properties of Ceramides in Membranes. Ann. Rev. Biophys. 2018, 47, 633-654. [CrossRef]
Fanani, M.L.; Maggio, B. The many faces (and phases) of ceramide and sphingomyelin I—Single lipids. Biophys. Rev. 2017, 9,
589-600. [CrossRef]

Rog, T.; Koivuniemi, A. The biophysical properties of ethanolamine plasmalogens revealed by atomistic molecular dynamics
simulations. Biochim. Biophys. Acta 2016, 1858, 97-103. [CrossRef] [PubMed]

Messias, M.C.F,; Mecatti, G.C.; Priolli, D.G.; de Oliveira Carvalho, P. Plasmalogen lipids: Functional mechanism and their
involvement in gastrointestinal cancer. Lipids Health Dis. 2018, 17, 41. [CrossRef] [PubMed]

Wallner, S.; Orso, E.; Grandl, M.; Konovalova, T.; Liebisch, G.; Schmitz, G. Phosphatidylcholine and phosphatidylethanolamine
plasmalogens in lipid loaded human macrophages. PLoS ONE 2018, 13, e0205706. [CrossRef]

Sheriff, D.S.; Ali, E.F. Perspective on plasma membrane cholesterol efflux and spermatozoal function. J. Hum. Reprod. Sci. 2010,
3, 68-75. [CrossRef]

Cross, N.L. Role of cholesterol in sperm capacitation. Biol. Reprod. 1998, 59, 7-11. [CrossRef]


http://doi.org/10.1093/humupd/dmt046
http://doi.org/10.1074/mcp.M112.020552
http://www.ncbi.nlm.nih.gov/pubmed/23161514
http://doi.org/10.1530/REP-14-0500
http://www.ncbi.nlm.nih.gov/pubmed/25504869
http://doi.org/10.1016/j.abb.2006.04.013
http://www.ncbi.nlm.nih.gov/pubmed/16762313
http://doi.org/10.1007/s10815-015-0465-7
http://www.ncbi.nlm.nih.gov/pubmed/25825237
http://doi.org/10.1111/andr.12348
http://doi.org/10.1111/j.1439-0272.2009.01013.x
http://doi.org/10.1016/S0015-0282(16)54255-1
http://doi.org/10.1016/0009-3084(94)90024-8
http://doi.org/10.1016/S0304-4157(98)00006-9
http://doi.org/10.1007/s12154-014-0117-x
http://doi.org/10.3109/09687688.2015.1066894
http://www.ncbi.nlm.nih.gov/pubmed/26306852
http://doi.org/10.1007/s12154-016-0159-3
http://www.ncbi.nlm.nih.gov/pubmed/28101250
http://doi.org/10.1016/j.bbalip.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/28964796
http://doi.org/10.1074/jbc.M115.706523
http://doi.org/10.1155/2011/264706
http://doi.org/10.1095/biolreprod.106.054692
http://www.ncbi.nlm.nih.gov/pubmed/16943362
http://doi.org/10.1186/s13059-018-1439-8
http://doi.org/10.1186/s12958-021-00792-3
http://doi.org/10.1016/0093-691X(92)90231-F
http://doi.org/10.3389/fvets.2021.601794
http://doi.org/10.1111/j.2047-2927.2012.00040.x
http://www.ncbi.nlm.nih.gov/pubmed/23596043
http://doi.org/10.1146/annurev-biophys-070317-033309
http://doi.org/10.1007/s12551-017-0297-z
http://doi.org/10.1016/j.bbamem.2015.10.023
http://www.ncbi.nlm.nih.gov/pubmed/26522077
http://doi.org/10.1186/s12944-018-0685-9
http://www.ncbi.nlm.nih.gov/pubmed/29514688
http://doi.org/10.1371/journal.pone.0205706
http://doi.org/10.4103/0974-1208.69337
http://doi.org/10.1095/biolreprod59.1.7

Int. . Mol. Sci. 2022, 23, 11655 13 0f 13

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Brites, P.; Waterham, H.R.; Wanders, R.J. Functions and biosynthesis of plasmalogens in health and disease. Biochim. Biophys. Acta
2004, 1636, 219-231. [CrossRef]

Li, L.H.; Hui, S.W. The effect of lipid molecular packing stress on cationic liposome-induced rabbit erythrocyte fusion. Biochim.
Biophys. Acta (BBA) Biomembr. 1997, 1323, 105-116. [CrossRef]

Poole, A.R.; Howell, J.I; Lucy, ].A. Lysolecithin and Cell Fusion. Nature 1970, 227, 810-814. [CrossRef] [PubMed]

Rodemer, C.; Thai, T.P; Brugger, B.; Kaercher, T.; Werner, H.; Nave, K.A.; Wieland, F.; Gorgas, K.; Just, W.W. Inactivation of ether
lipid biosynthesis causes male infertility, defects in eye development and optic nerve hypoplasia in mice. Hurm. Mol. Genet. 2003,
12,1881-1895. [CrossRef] [PubMed]

Pinto, S.N; Silva, L.C.; Futerman, A.H.; Prieto, M. Effect of ceramide structure on membrane biophysical properties: The role of
acyl chain length and unsaturation. Biochim. Biophys. Acta (BBA) Biomembr. 2011, 1808, 2753-2760. [CrossRef] [PubMed]
Mangold, H.K.; Weber, N. Biosynthesis and biotransformation of ether lipids. Lipids 1987, 22, 789-799. [CrossRef]

Tavilani, H.; Doosti, M.; Abdi, K.; Vaisiraygani, A.; Joshaghani, H.R. Decreased polyunsaturated and increased saturated fatty
acid concentration in spermatozoa from asthenozoospermic males as compared with normozoospermic males. Andrologia 2006,
38, 173-178. [CrossRef] [PubMed]

WHO Laboratory Manual for the Examination and Processing of Human Semen. Available online: https://www.who.int/
publications/i/item /9789240030787 (accessed on 14 April 2022).

Furse, S.; Fernandez-Twinn, D.; Jenkins, B.; Meek, C.L.; Williams, H.E.; Smith, G.C.S.; Charnock-Jones, S.; Ozanne, S.; Koulman, A.
A high throughput platform for detailed lipidomic analysis of a range of mouse and human tissues. Anal. Bioanal. Chem. 2020,
412, 2851-2862. [CrossRef]

Furse, S.; Koulman, A. The Lipid and Glyceride Profiles of Infant Formula Differ by Manufacturer, Region and Date Sold.
Nutrients 2019, 11, 1122. [CrossRef]

Harshfield, E.L.; Koulman, A.; Ziemek, D.; Marney, L.; Fauman, E.B.; Paul, D.S; Stacey, D.; Rasheed, A.; Lee, ].-].; Shah, N.; et al.
An unbiased lipid phenotyping approach to study the genetic determinants of lipids and their association with coronary heart
disease risk factors. J. Proteome Res. 2019, 18, 2397-2410. [CrossRef]

Cassim, A.M.; Gouguet, P.; Gronnier, J.; Laurent, N.; Germain, V.; Grison, M.; Boutté, Y.; Gerbeau-Pissot, P.; Simon-Plas, F;
Mongrand, S. Plant lipids: Key players of plasma membrane organization and function. Prog. Lipid Res. 2018, 73, 1-27. [CrossRef]


http://doi.org/10.1016/j.bbalip.2003.12.010
http://doi.org/10.1016/S0005-2736(96)00161-7
http://doi.org/10.1038/227810a0
http://www.ncbi.nlm.nih.gov/pubmed/5432243
http://doi.org/10.1093/hmg/ddg191
http://www.ncbi.nlm.nih.gov/pubmed/12874108
http://doi.org/10.1016/j.bbamem.2011.07.023
http://www.ncbi.nlm.nih.gov/pubmed/21835161
http://doi.org/10.1007/BF02535533
http://doi.org/10.1111/j.1439-0272.2006.00735.x
http://www.ncbi.nlm.nih.gov/pubmed/16961570
https://www.who.int/publications/i/item/9789240030787
https://www.who.int/publications/i/item/9789240030787
http://doi.org/10.1007/s00216-020-02511-0
http://doi.org/10.3390/nu11051122
http://doi.org/10.1021/acs.jproteome.8b00786
http://doi.org/10.1016/j.plipres.2018.11.002

	Introduction 
	Results 
	All Participants: Lipid Class Analysis between Three Compartments 
	All Participants: Lipid Species Analysis between Three Compartments 
	Motility: Lipidomics Analysis between Three Compartments 

	Discussion 
	Strengths and Weaknesses 
	Relevance of Lipidomic Findings to Human Health 
	Effects of Lipid Composition on Sperm Cell Membrane 
	Effects of Lipid Composition on Cellular Adhesion 
	Effects of Lipid Composition on Cell Signalling 
	Effect of the Abundance of Lipid Species on Cell Fuel Supply and Reserves 
	Associations between Reduced Motility and Lipid Composition 
	Areas for Future Research 

	Materials and Methods 
	Participants 
	Semen Collection and Analysis 
	Blood Sample Collection and Analysis 
	Specimen Processing and Mass Spectrometry 
	Data Processing 
	Statistical Analysis 

	Conclusions 
	References

